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e 1. INTROPUCTION AND SUMMARY

1.1. _CHARACTER OF JUPITER'S MICROWAVE EMISSIONS

The microwave radiation from Jupite? has been studied over a wide
range of wavelengths (e.g., Dickel et al. 1970), andlhas been found to
arise from both_thgrmal and non-thermal mechanisms. At the longer wave-
1eﬁgths {(~10 to 20 cm), most of the flux is Que to synchfofron radiation
from relativistic electrons trapped in the planet's magnetic field. The
éource of these electrons and the mechanism for their accelératioh to
relativistic energies have heen investigatcd theoreticaily (e.g. Brice
and McDonough 1973), but the ahsence pf definitive measurements of their
distribution has prevented obéervational confirmation of the results.

As one moves toward shorter wavelengths, the synchrotron flux
remaing appreximately congtant, bul the thermal centribution becomes
increasingly important. Below about 4 cm, the lattér contribdtes~most
of the flux; it is presumed to originate in the upper atmosphere of the
planet.'VSupposiﬁg the radiation to come from a uniformly bright disk of
the optical diameter, the observations afe consistent with a constant
brightness temperature of about 140 K for wavelengths from 1 cm to the
infrared. Between 1 c¢m and 10 cm, the brighthess temperature of the disk
(after correcting for the synchrotron-flux) appears to increase somewhat,
to perhaps 250 K, possibly due to penetration to a deeper l?vel in the
atmbsphere.

Ground-hbased observations of Jupiter at qentimeter wavelengths are
thus useful for studying (1) the temperalure of the upper atmosphere;

(2) the structure of the magnetic field; and (3) the distribution of



relativistic electrons. Oﬁ_course, 6ther quantities can be studied
indirectly via appropriate models. With resﬁect to the magnetosphere,
it should be noted that oniy those portions significantly populated with
relativistic electrons are directly accessible to radio observations.

The following important properties of the centimeter—wavelength
radiﬁtion were established during the 1960's {(for an excellent review of
work through i968, see Carr and Gullkis 1969). The,ncp—thermal component
is strongly linearly polarized, with the plane of polarization rocking
ilOOin synchronism with the planet’s rotation. There ig also a small amount
of circular polarization. The spectrum is nearly flat from 200 to 3000 MH=,
with an average flux density of 627 iuﬂl It has usually 5een supposed that
the synchrotron spectrum,remaiﬁs flat to much higher fregquencies also
{(Dickel ét al. 1970), but unambiguous Separationrof the thermal disk ig
difficult, |

Observations with high angular resolution, using synthesis
telescopes, have been made at 1.4 GBz (Brahson 1868) and 2.9 GHz (Berge
1966). These showed thal the peak synchrotron emission at thoze freguencies
occurs about 1.8 RJ from Jupiter's center, where RJ is the equatorial
radius of the planet. Since the time of these studies, th@re has apparently
been little high-resolution work reported, perhaps because the rapid
rotation of Jupiter complieates the usual earth-rotation synthesis

technigues.

1.2, PIONEER 10
The recent Pioneer 10 flyby of Jupiter has in sﬁme respects provided

us with a much more detailed knowledge of the magnetosphere than had boern

1 -26 ~2 -1

1.0 flux unit {(f.u.) = 10 W m Hz
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POSSibierfrOm_grounﬁfbased observations. All of ow former information
came from the rddio observations, which give no direct information about
the outer magnelosphere or about the distfibution of protoné or low-énefgy
electrons. Howevel, our extensive knowxedge of the Earth's magnetospherc
has béen a useful guide to what might be expected on Jupiter (Briée and

" Ioannidis 1970, warwick 1970).

At periapsis, Pioneer 10 passed 2.85RJ from Jupitér's center, outside
the region of maximum synchrotron radiation. Thus, particle density data
from the spacecraft is complementary to that deducible Trom the radio
obsefvations. Pioneer 10 also prévided the first direct magnetic field
measuremenfs {Smith et al. 1974); inside‘aﬁout GRJ the field appears
dipolar with moment 4.0RJ3 gauss and a 15° tilt with respect to the
rotation axis. The latter is in apparent disagreement with th; 10 cm

: o
polarization rocking of 10 (Klein and Gulkis 1974).

1.3. 7THE PRESENT STUDY

Thg work which we report heré is intended to add significantly to
thg.available high-resolution radio ohservations of Jﬁpiter. We have used
fhe Stanford synthesis telescope to observe the planet over an extended
pefiéd of time during 1973, beginning in May and continuing through the
Pioneer 10 encounter in Decemher.

The telescope is a five-element, minimum redundancy, east-west array,
which results in the simultancous availability of nine different interfer—
ometer baselines. It allows, in prihciple, instantancous synthesis of sirip

scans of the source brightness, and in practice such scans can be produced

'
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every few minﬁtes for sources of Jupitef‘s strength (15-20 f.u.). Therefore,
we have the possibility of easily obtaining the high time resolution needed to
account for Jupiter's rapid rotation, simultancously with good spatial reso-
lution. (Xt should be noted that the instantaﬁeous spatial resolution is one-
dimensional, so that in general two-dimensional mapping requires extended
observations utilizing earth rotation. At Jupiter}s deélination during 1973,
—200, the tracking range was such that all scans were within 11O of east-west
on the sky.) The equivalent half-power beamwidth of these scans is'¥20”, and
ouf experience shows that this allows positions and widths of sources to bg
measured to a precision of ~17.

The telescope operates at 10.69 GHz (2.80 cm wavelength), where the
radiation from Jupiter is predominately thermal.l In order to study the
magnetosphere, 1t was necessary to separate this thermal radiation Trom the
synchirotron radiation. The strength, size and location of the latier were
largely unknown at this frequency, but we anticipated that if it amounted to
only a few flux units it would be easil& deteetable (réceivef noise was 0.25
f.u. for each interferometer in 16m of integrating time). The sepération can
be accomplished using the spatial resolutior of the instrument, provided that
most of the relativisitic electrons are concentrated aWay from ﬁhe thermal disk;
certainly concentrations at l.SRJ would be resolvable, if only they emit
sufficient flux. Separation can algo he accomplished by using properties of
the synchrotron radiation itself, such as its polarization and beaming in the

magnetic equatorial plane. Both methods were used in our analysis (Section 4).

As it turned out, small calibration errors made the separation quite difficult, for



reaséns which we shall consider in detail later. We can néveftheless
conclude that tﬁe synéhrbtron flux at 10 Giiz must be considerably
smaller than at lower frequqncies; 80 that the spectrum does not remain
flat. |

-We have also studiéd the thermal disk radiation in a search for limb
darkening or brightening. Nq significant effects of this kind were seen,
" the besf fit disk being alwdys very close £0 the optical radius. We
deduce a constant digk brightnesé temperature qf 160 %10 K at 2.8 cm, in
reasonable agreement ﬁith reported single antenna measurements at
sgurrounding wavelengths.

A final objective of our study was to look for time variationsg in
observations made simultanecusly with the Pioneer 10 encounter, and to
correlaﬁe these with spacecraft observations. We were not able to find
any significant variations, although it should be kept in mind that any
variable radiation we might have dbserved ig likely to have originated
from a region of the‘magnetosphere'éloser to Jupiter than periapsis.

In what follows, we give a detailed discussion of the observations,

their analysis, and the results.



2. TELESCOPE PARAMETERS AND CALIBRATION

Z2.1. HARDWARE
The Stanford synthesis telescope includes five 18.6 m diameter
paraboloids on polar mounts, arranged in a linear minimum-redundancy array

(Moffett 1968) along a baseline which is very nearly east-west. Each pair

_of ﬁntennas ié coﬁneé&ed té form a multiplyiﬁg—iﬁterféroﬁétef. .Niné base-
lines are fhus gimultaneously sampled, their lengths being 22.8n meters,
n=1,2,:..,9., Using earth-rotation synthesis (Ryle 1962j, measurements
of the two—dimensional Pourier transform of the brightness distribution.
of a celestiél source may be obtaiﬁéd.

Details of the design, construction and operation of the inétrumenL
have been given elsewhere (Bracewell EE 3&. 1973), and will not be dwelt
upon here; we shall discuss only those points which are particularly
relevant to the Jupiter observations. Méjor parameters of the telescopez
are given in Table 1.

Table 1

TELESCOPE PARAMETERS DURING JUPITER OBSERVATIONS

Obzerving frequency 10,690 MH= (k = 2.800 cm)
Baseline interval 815.1 A
Maximun baseline : 7336 A

Equivalent half-power beamwidth,
instantaneous, uniform wéighting,

hour angle = 0 o 18.17
Tracking range declination > 20 _ +5. oM
declination = —200 - 4g,h ’
Receiver noise tenmperature, each antenna 1000 K
Integrating time for 1.0 £.u. r.m.s. complex
visibility, €ach interferometer "
Polarization linear, E-vector north-south

2 . . .

Thege are the values which were in effect duriag the Jupiter observations;
some of them, particularly the receiver noise temperatures, have since heen
grealtly improved.
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2.2, COVERAGE.

During all of 1973, Jupiter’s declination was near —200. At this
decliﬁation the array can track a source for 4.2h; resulting in fhe spatial-
frequency plane (Fourier transform plane) coverage shown i;\Fig. 1. The
coordinates u ,anq v are in-the‘directions wast aﬁd north, respecfively,
on the logal sky. It should be apparent that mosi of thé évailable
resolution is in tﬁé'east—west direction. Also plotted for compérison are
three vectors representing spatial frequencies of magnitudeA(SO”)hl =
2630 rad_l (80" m.4RJ) and directions parallel to Jupiter's equator (whose
position angle remained essentially constant over the period of the
observations) and parallel tOlJupiter's magnetic equator in its extreme
positions; to calculate the latter we have assumed an angle of 15O
between the_rotatinn axis and magnetic dipole moment (émith_gﬁ al. 1974).

| Linearly~polarized feed horns with the oléctric vector oriented nﬁrthr
south.weré used throughout the obhservations. This polarization 1s nearly

parallel to the magnetic dipole moment at one extreme of the dipole's

rocking.

2.3. CALIBRATION

The raw output of ilhe instrument consiszts of estimates of the
complex correlation of the signals from each antenna pair, averaged over
an adjustable integrating period ( for the present observations, ‘the
integrating time was slightly over Sm), and continueously correcting for
apparent source motion (fringe rotation). The estimates are produced by
an on-line computer from samples of the outputs of analog multipliers.

Thus, at the end of each integrating period ten complex numbers ave
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available (one for each interferometer, with one redundant.baseliﬂe);
these are'fecorded on magnet;c-tape for off-line analysis.

Diyiding each raw correlation by the complex géin]of the cqrresponding'
interferometef channel conferts it to al"célibrated” complex visibility
(unnormalized){ usually expressed in fluxlunits. The complex gaing are
deterhined from observations of one or more calibration sources (unrgsolved
sourées of known position and-flux density) at about the same time as the
observation of ah unknown source. |

Td minimize the irequency Qith which such calibration sﬁurces need
to be observed, ﬁost of the variation in compléx gains attributable to
the receiver electronics is moniforcd by direct measurements, and removed
in an early stage of the datsa reduction. Two quantities ére measured:

. the power ga;n through each reéeiver is_determined by injécting a known
amount of broadhand noise, and the elecirical lengths of the transmission
lines used to distribute the local oscillator reference signal are
determined by a modulated reflector and synchronous phase detector

{(for details, see Bracewell et al. 1973).

Calibration of the pointing of the individual antennas and of the
phase function of each interferometer (the latter consisting principallylof
an accurate defermination ol the vector baseline) we;e carried out over the
whole visible sky in programs scparate from the Jupiter observationé {Price
'1973; Wernecke 1973). A 1afge number of calibration sources was.observed
and least;squares fits of model fﬁnctions were égtained, giving r.m.s.
residuals of about 30" for the pointing and .0lX for the phase. However,
prior to the lS;day obsefving program (see Section 3}, we performed a
specific checlk of pointing‘residuals néar Jupiter's declination and discovered

. /! . - .
residuals ~1° in two antennas; appropriate corrections were applied in
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subsequent observations. These pointing errors should be compared wilh the

single~antenna half-power besamwidth, which is 7’; note also that we expect

o : ) ; s
significant brightness only from a region of width approximately 4 RJ:a 80

3. THE OBSERVING PROGRAM

As noted earlier, the major component of radiétion received from Jupiter
-at 2.8 cm is of thermal origin, and studies at lower frequeﬁcies {Branson 1968,
.Berée 1966) have shown that synchrotrop emission from the magnetosphere is
maximum at a distance of about 1.8.I‘iJ from the ﬁlanét‘é center._ Thus, we
_consideréd that the resolution of the-Sfanford array might be used to separate
the synchrotron component from the disk's thermal emission. Preliﬁinary
observations made eafly in 1973 inaicated that iess than 10% of the total flux
received might be attributed to synchrotron émission. Thegse results were use-
ful in dete}mining subsequent observing strategy.

All observations were made with linearly bolarized feeds with a nofth—
south electric field vector.orientation. During each observation'receiver
gains and local oscillator line léngths were measured at intervals of 1 hour
Vand 1/2 hour, respectively. Célibration éources used in the Jupiter observa-
tions were 3C345 at A0 degrees declination and PKS 2134+00 at O degrees
declination. 3C345 and PKS 2134+00 have flux densities of approximafely 12.0
cand 10.5 f.u. The position angle of jupiter’s rotation axis was approximately
344 degrees in the latter hall of 1973, conseguently, the pésition angle of
the interferometer baseline with respect to Jupiter's rotational equator
lvaried from about 4 deg?ees to 28 degrées during'each day's tracking (sce

Fig. 1). Because of this limited rotation, high resolution is obtained
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only.in,one direction,Aand meaningful two-dimensional brightness maps
cannot’ he synthésizédi 

Three major observing programs were execUbed:,

ll- Weekly observétiéns: To study long term effects, we made weekly
observations of jﬁpiter ét meridian crossing for four months between Mai 4
and September 23; In each observation we tracked Jupiter for 30-60 minutes
and inciuded 30 minutes on Pk8_2134+00 fo; calibfation.l During the four
month period, the angular diaﬁetéf of the‘optical disk grew from 37 arcsec
to 45_arcéec; if the disk brightness temperature at 2.8 cm were 140 K
(the'infrared value), thé correspénding flux density increase would have

beeﬁ from 12.5 to 18.§.f7u.

2.- Daily observations: To permit study of any changes of Jupitér‘s
appearance with central meridian longitude (CML), we~0bs¢rved Jupiter fgr
eighteen consecutive days during the period 15 Qctober to 1 November 1973,
except fér 22 October, when adverse weather conditions prcvented observa-
tions. Jupiter was traclked for four hours each day. For calibration we
tracked 3C345 for 30 minutes before observing Jupiter; PKS 2134+00 for 20
~minutes after Jupiter crossed the meridian and again for 30 minutes at the
end of the observing session. At the end of_this eighteen day period we
also tracked PKS 0834-20 to profide.é check of the calibration of the
telescope’'s response at Jupiter's declination.

3. Fly-hy observations:-.To allow correlation of ground-based
observations with Pionecer 10 measur?ments, Jupiter was tracked for four
hours each day for the four days surrounding #eriapsié. Calibration was
accomplished with 30 minutes trackihg of 3C345 before tracking Jupiter and

30 minutes of PKS 2134400 at the end of the observation.

»
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In Figures 2 and 3 we summarize the dates of the observations and

. plot the Jovian central meridian longitude wvariation during each day's
run. It can be seen that the daily observations provide fairly complete

CML coverage. The time of Pioneer 10 periapsis is also indicated.

4. DATA ANALYSIS

4.1. PRELIMINARY REDUCTION‘

In the precliminary stage of data reduction, the measufed conplex
correlations were correctgd for yariations in receiver gains and local
oscillator line lengths, then dividedrb§ the complex interferometer gains
determined from.the calibratof observations to obtain the (unnormalized)}
calibratedlcomplex visikilities. These’visibilities shotld be thought of
as the fundgmental output of the radio teleséope, on which all subsequent

-analysis technigques operated. %

4.2, MAPPING THE LINE INFEGRATED BRIGHTNESS
Let hi‘ and 51 be the hour angle and declination, respectively,
.th : '
of the 1 integration. The spatial frequency domain coordinates (ui,vi)

of the smallest-spacing interferometer for this integration are given by

u, =B cos h, = B sin h, (1)
i x i y i

3Throughout this report, longitudes on Jupiter are based on System III,
epoch 1967.0 (Carr 1971). Longitudes measured in this system agreed with
those measured in the older System III, epoch 1957.90, on 1 January 1967

at 0" UT, but the new system is based on a rotation period of ol g5m 29.755,
which is 0.38% longer than that used for System III (1857.0). “The older
value is now believed to be in error. The two systems are related by

O
. . = 057. - . . -
XIII(lQBT o) KIII(l 57.0) 3.38222° (epoch 1967.0).
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v, =B cos® - gind (B sin h, + B cos h,) (2)
i z i i 7x i y o i

where Bx’ By, and BZ are components of the shortest baseline vector,
measured in wavgléngths in a recta@gular coordinate s&stem whose x-axis
points to‘the west horizon and whose z-axis polnts to thé'nbrth celestial
pole. Then if we nﬁmber the interferometers &n order of increasiﬁg base-
line length, the'baseline vector of thé kth interferometer (known as.
Channel k) is véry nearly k times the shortest bascline, so its spatial
frequency is just (kui,kvi).

Given measurements of the complex visibilities at N hour angles,

' .th th
we denote the i measurement on the k channel by V, this can he

ik’

?

expressed in polar form as Ai,k exp(j@i,k) with‘ i =J/"1 . From these
méasurements‘it is possible to estimate the two—dimensiohal brightness |
distribution of the source. K Several methods exist for forming this
estimate (D'Addario 1974). IHere we use a direct Fourier transform of the
measurements. Let b(x,y) be the estimatgd brightness distribution as g
function of rectangu1ar coordinates on the sky. We take X to bhe the
angular distance from the center of the field of view in hour angle and
y to be the distance from the center in declination. The direct transform
map is defined to he

ﬁ g

YL o«
b(x,¥) = C{F‘+ 2 4 ) A, K
iel kel RO

2 + . 3
cos[zﬂkxui + ﬂkjvi ¢i,k]] 3
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ihe angular distances - x and y are in-radians, aﬁd fhé multiplier-

c 'determinés tﬁe uni%s of b(x,y). Fl is the total flux density; since

it is not directly measurable with-multiplying interferometers, we estimate
it to be equal to the magnitude of the smallest-spacing visibility. This is
gquite accurate féf small;diameter sources, including Jupiter. The
coeflicients ai;K are weights which can be adjusted ﬁq imﬁrove the side-~
" lobe structure of the map at the cexpense oélloss iﬁ resolution. If ai;k
is proportional to the integratiﬁg time of the ith.measuremcnt, we.say that
equal-time welghting Has been used; thep if the noise power is the same on
all dhannels, thié.results in a mdp'with maximum signal-to-noise ratic. It
is tﬁerefore the weightiqg which we use herec.

Dué to the single redundancy in fhe Stanford interferometer, two
indep911Qent measurements of the smallest-spacing visibiiity are made.

The visibility used in (3} for this spacing is the complex average of the
twoe measurements.

As mentioned earlier, due to the limited rotation of the interfer-
ometer baseline with respect to Jupiter, resolution in the north-south
direction is poor. The information contained in b(x,y) is inherently
one-dimensional. It is convenient to present the data by line integrating
{3). let be(r) be the line integral of b(-, ) as a function of distance
in the direction 8. £ is called the scan position angle and is measured

in degrees east of north om the sky. The "line-integrated brightness is

then

be(r) = [ [ L(x,y) 6 (x cos ® + y sin 0 - 1) dx ay , (4)



. where 5(*) isAthé Dirac délta fﬁnéti;ﬁ";;d éhe integration-is-pe}forméd
over £he fiéld of view. )

We define the position angle of an integration as that of the projection
of the interferometgr baselines on the sky.4 While it is possible to
evaluate (4) for any value of #, high resolgtion scans éré obtained only
if we choose O to be comparable to the position angles of the integrations
ﬁsed in computing the map by (3). Figures 4-6 contain representative line-
integrated brightnéss plots from the weekly, daily and fly—by-observations.
The scan position angle and the range_of integration positiqn ang;es are

noted on each plot. Also shown is the ideal point source response for the

hour angle coverage obtained.

Figure 7 gives a similar line-integrated brightness plot using ﬁllr
of the data from the daily program. This "grang averége" results from
57.5 hours of observation. It does.not take into_acéount'the change in
Jupiter's appérent Size during the 18 days, but this amounted to only

6 per cent.

4.3, PARAMETERS OF THE BEST-FIT UNIFORM DISK-

It is apparént from figures 4-6 that mosl of the radiation is due
to the thermal emission from the disk. At our resolution, a reasonable
model for the thermal source is a uniform temperature disk. A ecircular
disk is characterized by a temperafure T, an angular semidiameter 71,
and center position (xo,yo), and has a visibility function given bx

4
Such a concept is useful only when all the baselines are collinear, as
they are for the Stanford array, and only when the integrating time is short.

>
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Solid curve: estimated line-integrated brightness on
29 July 1973 (weekly program). Dashed curve: response
to a point source (arbitrary ordinate scale}. Fast is
on left. 8 is the scan position angle,'e. ig the
integration position angle, and T is the total
observing time.
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FIG. 5. Estimated line integrated brightness on 15 Qctober 1573
" (daily program)_. Dashed curve: responge to a point
source {(arbitrary ordinate scale). Fast is on the left.
B is the scan position angle, B is the integration
position angle, and 1T 1is the Y total dbserving time.
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FIG. 6. Estimated line integrated brizhtness on 5 December 1973
. (Llyby program). Dashed curve: response to a point
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source f(arbitrary ordinate scale).  East is on the left.

_9 'is the scan position angle, 91 is the integration
position angle, and T is the tOtal observing time.



_ 21 — '

BRIGHTNESS .
(fu/arcmin)

40-
35-
25+
20-

i5-

0.
79° < 8,< 101°
T = 577 30™

Lo - [

rs\z | I § ! ‘
0 60 120

F (arcsec)

Estimated line integrated brighthess calculated from all
observations in the daily program (17 days). Dashed
curve: response o poeint source (arbitrary ordinate
scale). East is on the left. 0. is the scan position
angle, 8. is the integration position angle, and T is
the tota observing'time.‘ :
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oprrpe | I BrrVuTev)

2
A aryfu +v

Vu,v) = exp[jZa(x u + yov)] {3)

where Jl(;) is -the first order Bessel f@nctioﬁ of the first kind}

fhe oblateness of the Jovian disk and the ﬁon—zero position angie of
~the rotation axis ﬁroduce additionai complications. The:former causes a
éhange of scale and the latter causes a rgta;ion of coordinates. Taking

these into account, (5) becomes

ZETxr r J 21R
LTy l( q)

2
Viu,v) = 5 e “X? (6)
A nRg
where .
. 2 2
q :\ﬁu +v)
2 2 ‘ 2 72
R =W[r sin“ (B . -6 ) + r cos (6.-6 ) ,
e i p b i p
= le“'\ .9"
X = x, sin( : Qp) + ¥, cos(®, Bp) ,
. e} -1
Bi = 90 - tan (v/u),
: fe and rp are the equatorial and polar semidiameters, respectively,
and

Bp is the position angle of the rotation axis (measured east of north

on the sky}.



Thé measured‘visibilities can now be used to determineAtherdiSK
paraﬁeters in (6). With our linear array apd 5" integrating time, each
integration results in visibilities at @ values of q‘ and one valﬁe of
the integration position angle Bf Fitfing (6) to tpg data from a single
. integration then allows us to determine'three ﬁa;ameters, ﬂamely R, X,
and F :'2kTﬂrerp/R2; where F is the total flux density.liActuallyf we
computed therleastwsquares values of these paramelters using 25" averages
of the measuréments, during Which ei varied by no more than 2. The
results for the weekly andg daily ogserving programs are shown in Figs.

8 and 9, respectively. TFor the range of 8, ep} rp,land-re encoﬁntered

in thesetobservations, ?.O58rplf, R < 1..068rp (assuming 7% ohlateness so
that re = 1.07rp); thus 1.063 times the polar semidiameter of the optical
disk is plotted for comparison with the fitted values of R. The
brigh%ness temperatufe blotted in tﬁe figures is that of a uniformly

bright ellipse producinglthe fitted flux dengity F and having semi-

minor axis equal to the optical pqlar semidiameter and having 7% oblateness.

The scatter in the position parameter X shows that the centroid of
the radio emission is always within ébout 2" of the center of the optical
disk, as expected.

The close agreement between the computed besf—fit disk radius and
the optical radius indicates an absence of any conspicuous limb brightening

or darkening.



o - 24 - ‘ -
el | T (K
Nrod . o L.
160-. 1-:' RS .
1504 ”Tf

140+

241 - ' . R (arcsec)

T LT~
o ~

[ 84

:”4_" - S X {arcsec)

120 140 160 (80 200 220 240 260 280
1973 DAY NUMBER

FIG. 8. Paramcters of the best it uniform-brightness disk for
the weekly observations. T is brightness temperature,
E is the radius, and X is the distance. from {he
center of the optical disk. The solid curve is 1.063 r ,
where r is the polar semi-diameter of the optical
disk.



S R T (K)
1801

¢ : L ]
. " : : . > L]
1701 SRR RS
a - LI I : . * - . :
. . . [} o hadEC I SN ..
-V' ’ - 8 s :=.' T g d -
I60 :l - ° ~ H :ni' .
. o V :&: . . s ¢ .
150- S L BT R
L ‘ * . i
14 0-

4. :  N - - R (arcsec)

2 2-

TP AR I
"‘*—-—_.__'b_— . H . o f :
2 0 : 'h?'._.!_g"‘“-"-c—h.i_ RS E g
- I'\',.'\‘\

- 184

16-

a4 - X (arcsec)

-
o
2-< . . . - .
° . . .
- . L] . - -
L4 . . - -
H hd H « . v .
O" [ 3 . 1 ! *
UL T B N i - . 2w,
% oe . fe . °
: - . : =, . .
. i c: H . ;.& ° :
—2- ° : - -.0
* . .

1275 DAY NUMBER

FIG. 9. Parameters af the best fit uniform—brightness disk
for each 25™ average Trom the daily observations.
Notation same as Fig: 8.

3



- 26 -

The temperaturés show considerable scatter, hut théir mean value’

- of abqut IGOIK is in good agreement with single-~antenna measurements
made above and below 2.8 cm (Dickel et al. 1966)., To see whether the
scatter can be attributea to variatiéns with Jovian CML; we constructed
fhe plot of Fig: 10, using the daily data. No correlatiqn.with CML is

apparent.

4.4. RESIDUAL VISIBILITIES AFTER SUBTRACTION OF THE BEST—EiT DISK

1f we suppose thét_the observed radiation from Jupiter consgists
of a disk-like component, primariiy of thermal origin, and a non-disk
comﬁénent, primarily non-thermal, éheh subtraction of the visibilities
due to fhe best fit disk (computed from eguation (6))from the observed
visibilities should yield a residual equal to the visibilities due to the
non-disk component aloné. Tﬁis might he expected to allow study qf the 7
non~thermal radiation from Jupiter's mapnetosphere. However, it should
be kept in mind that such a separation of thé two components is particulgrly
sengitive to méasurement 2IrTOTrs becaﬁse cach residual visibility is %he
difference between two large numbers whicﬁ are approximately equal (i.e.,
most of the radiation is in the disk-like component).

Shown in Figure 11 ig a plot of the estimated line integrated brightness
for 25" of data from the daily observations, along with the corresponding
line integrated brightness computed from the residual visibilitics after
disk subtraction. Note that the residuals afe plotted with an expanded
ordinate scale. The residual visibilities fromuéll such 25" averages taken
on each day of observations were then used to compute daily plots of the

residual brightness; representative results are given in ¥igure 12.
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. The residual brightness may be thought of as consisting of two
additive components: (1) our response to the non-disklike component
of radiation from the vicinity of Jupiter, .and (2} the difference between

1

our actual respohse to the disklike component and the 'ideal" response,
the latter having been_subtracted from the measurements. 1In order to
decide whether plots such as Figures 11lb and 12 contain significant
information ahout tﬁé nén*disk componenf (1), we now examine the magnitude
qf the error component (2).

We prefer to-work in the vigibility domain, where the‘measurements
were made. The errors iﬁclude, first, fandom noise due primarily to the
non-zero system temperature and receiver gain fluctuations; and second,
systemaﬁic calibration errors. The former are well understood and can
generally he réduced by averéging a longer scries of similar observations.
For most of Ourlaﬁalysis, we used 25T averages of the data, for which

the r.m.s. complex noise was 0 == 1.0 LU. in each interferometer channel.

Calibration- errors, on the other hand, depend upon the source being

observed. In general,

g
PR ik ‘\
e = - = ! -
i,k Vi,k Vi,k Vi,k - 1
i,k
' i i th .
where Ei Kk 18 the error in visibility for the i integration on the
H
th | A : .
k interferometer; Vi I and Vi , are the measured and true visibilities,
B b

respectively; and B, & and gi o are the assumed and true complex gains.
) )
Our investigations show that errors‘up to 15% can be expected: i.e.,
< .
lei,u O.lBIVI. Furthermore, the amplitudes of the gi K are known somewhat

better than their phases. From the pointing residioals and from studies of

the antenna gains vs. zenith angle, we expect amplitude errors of 5 to 8%.

5 . ‘ : .
We define the r.m.s. of a complex random variable x as (E |x - EX!2)§
where L denotes the expectation operator.
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From fhe full-sky phasé feSiduals, we expect phase'errors at Jupiter's
declination of ~.02 éycie, which corresponds to a 13% gain grror. Some

of the phase-errors were:removed, hbwever, by applying phase éorrections

. derived from observations of PKS 0834~20G, which is very neaf Jupiter's
declination. WQ therefére believe that 15% (:\LOSz + .132)‘13 a consgrva;
tive upper boﬁnd to the uncorrected calibration error in eaéh interferometer.

Table 2 summarizes these results for a wniform disk at 160 K with
 radius 20? observed'for 25m at meridian éfossing.r The disk visibilities
,Vkl were calculated ﬁSing equation (5), and a "detection limit" for each
chanﬁel is. taken to be three times the r.m.s. noise plus 0-151Vk1-
Residuals larger than the detectiop limit may be -taken to he due t& non=~
disk radiation Irom Jupiter. Columns (5) and (7) of Tabhle 2 give the
chservational results: for the &aily‘program, the'ampiitudes of the
residuals‘obtained on each day from the 25" of data taken nearest meridian
crossiﬁg were averaged channel by.channel over the 17 days. TFor the
weekly program, a gimilar average oﬁer 5 weeks was computed, using the
weeks for which the optical radiué of Jupiter was 207 %17,

It should be apparcnt from the fable that no non-disk radiation can
be‘cbnsidered detected. ¥From this fact{ we can at least derive an upper
limit to the non—disk flux density at 10 GHz. If this component arizes
from a broad radiation belt, so that much of the emission occurs across the

face of the disk as well as off to the sides, then it cannot be well

A

separated from the disk component bj the large-spacing interferometers; in
this case, we can say only that it must be less than about 3 f.u. On the
other hand, if the non-disk componenti arises from a narrow belt at 1.8RJ,
then from the lack of detection on channels 5, 6, and 7 we can place an

upper limit of about 2 f.u. on the non-disk flux.



Table 2

LIMITS TO THE NON-DISK FLUX

(1) {2 (3)
Interferometer  Spatial Vk( for a 160 K,

(4)

(3)

Daily Observations

(6)

(7)

Weekly Observations

Channel Frequency 20" radius uniform Detgc?ion Resi?ua} 'Detgc?ign Resigual
k disk Limit Amplitude Limit Amplitude
1 (252")"* 16.1 £.u. 3.1f.0. 1.5 f.u 3.8f.u.  1.6f.u
2 (126")" 1 14.7 2.9 1.8 3.5 2.1
3 (84”y"1 12.4 2.6 2.4 3.2 1.6
4 63"y 9.6 2.2 1.6 2.8 - 2.2
5 (50" )71 6.72 1.7 0.7 2.3 0.8
6 (4271 3.88 1.3 1.1 1.9 0.5
7 (36”)" 1 1.41 0.9 0.5 - 1.6 0.5
8 32"y * 0.46 0.8 0.4 - 1.4 0.4
9 28"yt 1.67 1.0 .6 1.6 0.3

*

Detection limit = 30 + 0.15}vk], where O =
mn

Mean over 17 days, 25 per day

Mean over 5 days, 25" per day

1.0 f£.a./+/number of days

- e -
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‘We also sorted the 25" residual visibilities by Jovian CML and
exami#ed the maps reshlting from each 24° of CML, but no systematic
trends could be found.

Finally, in Figure 13 Qe give the estimatéd ling-intecgrated bright-
ness computed frbﬁ the 25" residuals of all oflthe data taken in the
- daily prOgram.r-This might be compared with Figure 7, which gives the'to@
- brightnéss using the same data. Examininé Figures 11-13 and similar plot
'méde‘from different subsets of the observations, we note a cohsistent
-featqre at +30%, which is about 1.5‘RJ to the Qestrof Jupiter. It
contains about 0.2 f.u., and becausé oi its consistent appearance it
seems likeiy to be actually aé;ociated with Jupiter. On the other hand;

the region of large negative "brightness" further to the west and the

0]

broad apparent emissicn te the east of Jupiter are probably due to
measurement errors. Consequently, we do not consider these maps
satisfactory and we do not think it posgible to draw from them any

conclusions about asymmeetries in the non-disk brightness.
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FIG. 13. Residual brightness computed from all 25" residuals in
the daily program (17 days of observations).



4.5. THE LINEARLY POLARIZEﬁ éOMPONENT

| An alternative approach to separating the thefmal and non-thermal
components is to make use 6f the strong linear polarization‘of‘the la?ter.
With linearly-polarized feeds at fixed positioﬁ angles, we éxpect to
observe a variation in flux density with Jovian central meridian qugitude
of the form |

= i -~ o4 i - . -
Fops = Fp © 2F, sin {Gr Bp + O sin(h XO)] | F7)

where FO and-Fl are the unpolarized and linearly polarized flux

Qensities,respectively; Br and Bp gre the position angles of the réceiving
horns (E-vector) and of Jupiter's rotation axis (meaéure&‘east éf north on
the sky);vand 900 - O énd kO . are the Jovian latitude and longitude,
respectively, of the northern-hemisphere maggetic pole. This equation is
based on modeling the polérized componenf as having constan£ total flux

and a position angle always normal to Jupiﬁer's magnetic dipole moment.

It does not include the éffects of beaming of thé radiation in the magnetic
equatorial plane (e.g. Gulkis and Gary 1971),.which enhances the variation
of Fobs with X. 1In principle, to the extent thal equation (7} is correct,

one can determine F,, F., ¢, and A, from observations of F Vs, M.
(0] 1 0 obs
In our case, GTAE 0 and 9p = 3440 ilo throughout the period of
observations in 1973. Using the Pioneer 10 results {(Smith et al. 1974)
o o
that @ = 15 and AO = 196 (Bystem III, 1967.0}, equation (7} results in
the curve given in Figure 14. In comparing the present observations with
these results, it was felt that a 4d-pavameter fit of (7) 1o the data was

not justified in view of the measurement errors. Instead, the datu were

fitted to the simpler function

’

Fops = Fg + A cos-dy ) ®
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which elogely approximates (7) for our values of Br and Hp, and for all
" reasonable values of O and KO. We also tried including second-harmonic
terms in the fit, but the resulting coefficients were never significant.

Comparing equations'(7) and (8) gives.
A = F-[sinz G -C)y - sinz(ﬁ +0) | L (9)
1 ) : P p , x

14 . lO
low :\0 + 90

When the observations are made with an interferometer, we can

interpret F0 and F1 in cquations (7)*(9) as the unpolarized and

linearly polarized parts of the complex visibility; that is, of the
spatial frequency component corresponding to the interferomeier's baseline.

1

On our shortest baselines (spatial frequency (252”) ~ at the meridian),

Jupiter is essentially unresolved so that F0 and F_ are nearly equal to

1
the total unpolarized and poiarized fluxes; On the louger baselines,
Veach part of the radiation can be expected to be partially resolved; but
because the polarize& and unpolarized parts héve different spatial
distributions,rtheir ratio may be expected to depend on spatial frequency.
With this mptiﬁation, we used the daily series of observations to
obtain values of FO’ A, and ké for each of the 10 interferometers hy a ,
least squares fit to equation (8). Because of the phase errors discussed
carlier, we used only the magnitudes of the observed visibilities, setting
Fobs = !Vk] for the kth channel. Therresults are given in Table 3 for the
first four channels; the "fitted parameters were insignificant on the other

channels when compared with their standard errdrs, indicating that the

polarized component has been resolved below the detection limit. Variation

//‘
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Table73

VISIBILITY V8. CML: LEAST SQUARES TITS

F, and A are in flux units, normalized to 4.04 AU. Xg in degrees

i

of System III (1967.0) longitude. Numbers in parenthescs are
.formal standard deviations. The meridian spatial frequéncy of

each baseline is noted.

_Hour Angle Range

All =20 ,-1.0™ (—1;oh,+0.5h)‘(+0.5h,+2.0h)
Channel 1A (253°) %
F, ' 23.62(.06) 23.94(.13) | 23.18(.10) 25.78(.08)
A | osscom] 002018y | 05514y | 0.41(.11)
‘Xol ' 227(8) | 211(11) 220(14) | 256 (15)
Channel 1B (253") 1
Fé lg4.11c.08) 22.69(.17) | 24.42(.14)  24.79(.09)
A , 0.62¢.11)  0.52(.24) 0.68(.16) 0.47(.13)
. - 1204(10) 191(24) | 191(135 212(15)
Channel 2(126”)
F, 21.58(.14)| 20.31(.14) 21.57(.11) 22.38(.09)
A ' .26(.10) ,53(.20) - .66(.16) .32(.13)
L 297(21) 261(20) 316(13) 89(22)
Channel 3 (E-}.Zl”)hl
F, 17.69(.06) 17.44(.10) 17.02{.10) ©18.32(.08)
A | .;15(.08} .25¢.15) | ©° .29(.14) 11(.11)
Aol S 1892 247(30) 174(26) 9(45)
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ofijupitér’s distance during the obéefvations-Was accounfed'for ﬁy
normaliﬁing the data.ﬁo ﬁhé standard distance of 4.04 AU. To check for
coﬁsisténcy, we also partitioned the data inte three hour-angle ranges
and cémputed the parémetérs separately for each; ﬁote aiSO fhat Channels
1A and 1B ﬁave the same baseline.

.Only on the closeét—spacing interferometefs, Channels 13 and 1B,
‘dp we see signifiéant polariged flux. OQOur best estimates of the
:cérrcsponding parameters are A =70.58 + ¢.2£u. and ké = 2160 izso
(System iII, 1967.0 -1ongitude),_where the error estimates are peak
erro?s based on the reéundant baseliné'and hour angle partitioning.
Table-é summarizes these results, and élso gives estimates of the polarized
flux density Fl; the latter Wére obtained using équation (9) with
o = 100 (radio astronomical value, e.g. Whiteoak et al. 1969) and & = 15°
.{Pionegf 10 value). Values of Fl,are lower limits-to the total synchrotron
fluk, and arc consistent with the upper limits to the non-disk flux derived
eaflier from studying the residuals ol the best-fit disk.

It should he néted that our value pf Ko,the Jovian 1ongi§ude of the
northern-hemisphere magnetic pole,‘is in disagreement with valués obtained
by oﬁhers. Table 5 compares the various results which have been reported.
WeAhave been unablelto find any instrﬁmental effects to which to attribute
the discrepancy.

On the other hand, thereAare several reasons to think that thé simple

model of equation (7) is not correct. First, it does not include the known

beaming of the emission in the magﬂetic equatorial plane; but because the
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Table 4

POLARIZED FLUX RESULTS

FO, unpolarized flux : ‘ R 23.8 z.7f.u.
10 = 16 - 900, longitude of pole, System 11X
; Q | ,_0
(1967.0) - : : 1267 £25
A, amplitude of first harmonic : 0.58 x0.2£.u.
Fl,.estimate of poiarizgd flux assuming -
o . %

.= 10 ' 3.20 £1.1%f.,q,
. f'e} . ) . kK
Fl’ agsuming & = 15 ) _ ' 2.19 + 75 f.u.

* ‘ - ) . .
Normalized to the standard distance of 4.04 AU.

Jovicenéric declination of the earth was very small during 1973

(|DE| < 0.50), this should have iittle effect on the computed value of KO-
More importantly, however, there may be pronounced asymmetries in the
radiation bélts, perhaps due to magnetic field anomolies. There is
evidence Tor this ffoﬁ linear pglarizafion measurements at 21 cm, 11 cm
{prerts and Komesaroff 1965}, and 6 cm {(Whiteoak EEIEE. 1969): and from
synthesis maps at 21 cm (Branson 1968). If such asymmetries are more

pronounced at 2.8 cm, or if they are time-varying, they could explain the

apparent discrepancy in Table 5.
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Tahle &

PUBLISHED DETERMINATIONS OF KO

Reference : Method i Epoch of

111
Tuw 1967
Observation va E(RO )
Bash et al. 1964 Lin. pol. at 10 cn 1962.9 ~ 200.7° 232.4°
Roberts &'Komésaroff' Lin. pel.,, 21 cm & 11 c¢m 1962.5 ‘262.0 *4.
1865 ] o 1963.8
Branson 1968 o " Interferometry, 21 cm 1967.3 189.0 =2,
Whiteoak et al. 1969 Lin. pol., 6 cm 1968.5 196.8 £1.9
Komesaroff et El' 1970 Circular pol., 21 cm 1966.9 206.3 *6.9
Gulkis EE El' 1973 Total - flux, 13 cm 1969.3 182.2
1971.45 174.9
Smith ot al. 1974 Pioneer 10 magnetometer  1973.9 196.0 +8
This report Lin. pol., 2.8 cm 1973.8 S 126.0 %25

- 4.6. PHASE ROUNDING

Subtraction of the best fit uniform disk response from the measured
brightness cannot be justified rigorousiy; hoﬁever, at the resolution
available it is probably a reasénable approach. The indication that phaée
errors are the primary cause of our iqability.to obtain a satisfactory map
of noﬁ—thermal radiation suggests the following data analysis technigque,
We assume a priori that the source is perfectly symmelrical; therefore, the
phases of all measured visibilities should be 0 or 7 radians. By first
rounding all measured phases to thé closgr of these two values, we can
again apply the disk subiraction technique in attempting to map the non-disk

emission. This approach is similar to amplitude interferometry with a crude
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measurement of(visibility phase. It is emphasized that the phase
rounding o#ergtion has even 1esé rigo?&us.justification than doesldiskl
‘ s@btraction, and it may discard useful phase informationf Accordingly,
cbnsiderable caution is required in in%erpretation of these resﬁlts.
Phase roundingiwas performed én data taken during the daily observa-
tions. Parameters qf:the best TLit diék are shown in Table 6. The center
offset of tﬁe digk is forced to be =zero by-the phase,rqunding so only the
disk temperature aﬁd éemidiameter are tébulated. Both paraﬁeters are
largely invariant to the phase rounding operation indicating that -
temperature and semidiamete? are aé;ﬁrately determined in spite of phase
errors. -

_Figure 15 is a plot of the line-integrated brightness computed Irom
the residual visibilities after subtracting the best fit disk from the
phase-rounded data: as in Figs. 7 and 13, all the data from the déily
ohservations were uséd. The even symmetry of the plot is a consequence
of phase'rounding. Excess emission is observed to peak at a distance of

1.5 R_.
J
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Table 6
BEST FIT DISK PARAMETERS AFTER PHASE ROUNDING (DAILY AVERAGES)

Day - 1.083 rp S R - T

fit Tfit

73.288  .20.38" © o 20.47" 170.3 K
73.289 20,31 20.53 172.0
73.9%0 20.25 20.13 158.7
73.291 .. 20.19 . 20.37 164.5
73.202 C 20,12 . 20.16 156.8
73.293 20.06 ) 20.10 170.5
73,294 . 20.00 _ 20.03 163.4
73.296  19.87 : 20,00 . 165.3
73.297 © 19.80 - 19.86 - 166.3
73.298 ' 19.74 ‘ 19.58 161.1
73,209 . 19.68 ¢ 19.63 163.4
73.300 19.62 19.54 - 163.4
73.301 18.56 19.78 166.2
73.302 19.50 19.78 166.5

73.303 © 19,44 0 19.74 169.3 .
73.304 | 19.38 19.56 168.4
73.305 19.33 19.57 165.0
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FiG. 15. Residual brightness after phase rounding and
subtraction of the best-fit disk, using all data
.from the daily program. The even symnetry is forced
by the phase-rounding operation. -
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°5... CONCLUSTONS -

-tThermal‘emissicnrfrbm'Jupiter has been studied by assﬁming that it
arigses from a uniforﬁly'bright disk with_a temperature, semi-diameter,.
and center pésition‘dgte?mined by a least squaresrfit to the'measured
visibilities. .These model paramefers indicafe a disk tempgrature of
160 *10 K, a scmi—diame%er within 1” of that expected from the size of
the optical disk, and a center position within 1" of the centroid of the
" optical disk.

Serrgl technigues have been ‘used to study non-thermal emission.
From. the absence of éigﬁificant residualsrafter‘subtracting the best fit
‘diskvvisibilities from the measuréd ones, we canh place an upper hound on
the strength of this component. If the non-thermal emission arises from
a broad radiation bhelt, ité strehgth must be less than 4.4 f.u. (4.04 AU).
If the emission comés 1 rom compact.regions around 1.83&, it must have a
Tlux density less than 2.9 f.u.

" Variations in visibility ampiitudes with CML can be used to estimate
the strength of the linéarly polariied component, and hence to lower bound
the strength of the synchrotron component. This lower boung dgpends o011
the angular offset‘ﬁetween magnetic and rotation axes: assuming the radio
aStfonomy value of 100, the lower bound is 3.2 1.1 f.u.; with the Pioneer
-measuremenﬁ of 150, this figure becomes 2.2 *.7 f.u. This analysis also
indicates the OCML of the northern hemisphere magnetic pole to be 126°
+25° (System ITII, 1967.0). |

After subtracting the best fit disk vis;bilities from the measured
ones, we attempted to map the residual brightness due, presumably, to non-

i

thermal mechanisms. Owing to the sensitivity ‘of this process to small
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instrumenfal calibration errors, this exercise proyed unsatisfactory.
With the-additionél assump?ion thatlthe_fotai source struqturg is
symmetric, we produced plots of line-integrated residual brightness which
peak at.approximately 1.5RJ. The techniqué used cannot be justified
rigorously, and confirmation of this value will require addlitio_nal
observations after more accurate calibratign.

Recent imﬁrovements to the Stanford interferometer should make these
future observations fruitful. Most importantfis the installation of low-
noise mixers which have reduced the system noise.temperature to 400 X.
This improvement will permif more accurate calibration of the instrument
in addition to increased sensit;vity to the non-disk component. Improve-
ments in calibration at-Jupiter's declination will allowrmoré accurate
inapping.of non~disk eluigsion. |

Also, installation of remote feed horn rotators is now complete.
This system permits us to make a careful sfudy of the polarization
properties of Jovain emission. Parficulafly attractive is the
possibility of observations with crossed feeds to eliminate tﬁé randomly

polarized thermal component.



- .References

Bash, F.N., ¥.D. Drake, F. Gundermann, C.E. Heiles, 1964, "10.-cm
Observations of Jupiter,” Ap. J. 139, 975. :

Berge, G.L., 1966, "An Interferometric Study of Jupiter's Decimetric Radio
Emission,” Ap. J. 146, 767.

Bracewell, R.N., R.8. Colvin, L.R. D'Addario, C.J. Grebenkemper, K. M Price;
and A.R. Thompson, 1973, "The Stanford Five-Element Radio Telescopc,'
Proc. IEEE, Special Issue on Radio Astronomy 61, 1249. ; :

Branqon N.B. A , 1968, "High Resolution Radio Observatlons of the Planet
JuplterJ" M.N.R. A S§. 139, 155.

Brice, N.M., and G.A. Icannidis, 1970, "The Magnetospheres of Jupiter and
Earth,” Icarus 13, 173. ' :

Brice, N.M., and T. R Mchonough, 1973, "Jupiter's Radiation Belts," Icarus
18, 206. : -

n

Carr, T.D., 1971, "Jupiter's Magnetospheric Rotation Period,” Ap.L. 7, 157.

Carr, T.D., and §. Gulkis, 1969, "The Magnetosphere of Jupiter,” ARAA 7, 577.
D'Addario, L.R., 1974, "The Stanford Synthesis Radio Telescope: Theory,

Calibration, and Data Processing; and a Study of Galactic HII Repgions,'
Ph.D. dissertation, Stanford University, Chapter 5.

1

Dickel, J.R., J.J. Depicanni, G.C. Goodman, 1970, "The Microwave Spectrum
of Jupiter,” Radio Science 5, 517.

Gulkis, S., and B. Gary, 1971, "Circular Polarization and Total Flux
Measurement of Jupiter at 13.1 cm Wavelength," AJ 76, 12.

Gulkis, 8., B. Gary, M. Klein, and C. Stelmried, 1973, "Observations of
Jupiter at 13 em Wavelength during 1969 and 1971," Icarus 18, 181.

Klein, M.J., and §. Gulkis, 1974, "The Location of Jupiter's Magnetic
Dipole," presented at AAS Division of Planetary Sciences Meeting,
Palo Alto, Calif., 3 April 1974.

Komesaroff, M.M., D. Morris, J.A. Roberts, 1970, '"Circular Polarization of
Jupiter's Decimetric Emission and the Jovian Magnetic Field Strength,'
Ap.L. 7, 31,

Moffet, A.T., 1968, '"Minimum Redundancy Linear Arrays,” IEEE Trans. on
' Antennas and Propagation, AP-16, 172.




_ 48 _

Price, K.M., 1973, "Array Pointing Function," Stanford RédibrAstronomy
Institute Glint No, 507.

Roberts, J.A., and M.M. Komesaroff, 1965, "Observations of Jupiter's
Radio Spectrum and Polarization in the Range from 6 cm to 100 cm,’
Icarus 4, 127. :

1

Ryle, M., 1962, "The New Cambridge Radiotelescope,” Nature 194, 517.

_Smith} E.J., L. Davis, Jr., D.E. Jones, D.S. Cdlburn, P.J. Coleman, Jr.,
" P. Dyal, and C.P. Sonett, 1974, "The Magnetic Field of Jupiter and Its
Interaction with the Solar wind," Science 183, 305.

NASA Contractor

Warwick, J.W., 1970, "Particles and Fields Near Jupiter,"

Report CR-1685.

Wernecke, S.J., 1973, "Full Sky Phase Calibration - Winter 1973,"
Stanford Radio Astronomy Institute Glint No. 519,

Whiteoak, J.B., F. F. Gardner, and D. Morris, 1969, "Jovian Linear
Polarization at 6 cm Wavelength,” Ap.L. 3, 81.



